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I, Christen M. Anderson, a citizen of the United States, declare and state 

that: 

1 . I was a Scientist and Director of Metabolic Diseases at MitoKor, 
Inc., San Diego, California, United States, the assignee of the above-identified patent 
application (hereinafter referred to as "instant application"), at the time of filing, and I am 
a co-inventor on the instant application. 

2. I have read the Office Action dated June 25, 2003, including the 
rejections of claims 42-44 and 47-57 of the instant application under 35 U.S.C § 103. 



3. Prior to the invention described in the instant application, there 
was a long-felt, unmet need in the art for recombinantly produced and isolated human 
ANT3 polypeptides and fusion proteins, particularly those that retained functional 
properties, including the ability to bind human ANT3 ligands. In addition, the successful 
production and isolation of recombinant human ANT3 polypeptides and fusion proteins 
had not been described at the time of filing the instant application, although numerous 
failed attempts had been made. My conclusions are based, in part, upon the evidence 
described below. 

4. The skilled artisan would readily appreciate that there was a need 
in the art for recombinantly produced and isolated human ANT3 polypeptides and fusion 
proteins, given the fundamental role of ANT polypeptides in mitochondrial function, 
including human oxidative phosphorylation. It was known for some time that ANT 
polypeptides play a prominent role in respiratory, metabolic, apoptotic and other 
processes of the mitochondria, the altered function of which, in turn, is thought to be 
associated with numerous metabolic degenerative diseases. The skilled artisan would 
appreciate that in order to characterize the functional and structural properties of ANT3 
polypeptides at the molecular level, to further understand their role in human disease, and 
potentially to identify therapeutic compounds suitable for treatment of mitochondrial- 
based disease, a reliable source of functional ANT3 polypeptides and fusion proteins is 
needed. 

5. Furthermore, the skilled artisan would recognize that the need for 
recombinant human ANT3 polypeptides and fusion proteins was long-felt, since the 
important physiological role of ANT polypeptides was recognized as long ago as the 
early 1980s {e.g., Klingenberg, M. (1981) Nature 290, 449-454), yet recombinantly 
produced human ANT3 polypeptides and fusion proteins were not described before the 
instant application of 1998. Indeed, the attention directed to human and animal ANT 
polypeptides by numerous investigators, as evidenced by references cited throughout the 
instant application {see, e.g., page 15, lines 15-26; pages 39-40; Fiore et al. (1998) 
Biochimie 80, 137-150), and elsewhere, clearly demonstrates the recognition in the art of 
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a compelling need for a consistent, readily-produced and reliable source of ANT 
polypeptides. 

6. Further, this long-felt, unmet need for recombinantly produced and 
isolated human ANT3 polypeptides and fusion proteins provides evidence of the failed 
attempts by others to produce these polypeptides. The cDNA sequence encoding human 
ANT3 was known as early as 1988 (Houldsworth, J. and Attardi, G. (1988) Proc. Natl. 
Acad. Sci U.S.A. 85, 377-381), and recombinant protein expression methods were known 
well before this date. Given the established need for recombinantly produced human 
ANT3 polypeptides and fusion proteins, the skilled artisan would immediately conclude 
that attempts to produce such polypeptides using known techniques had been made. It 
readily follows that the lack of any report or publication describing the successful 
production of recombinant human ANT3 polypeptides indicates that these attempts were 
unsuccessful. 

7. In addition, direct evidence of failed attempts to produce and 
isolate recombinant human ANT polypeptides and fusion proteins is provided in 
numerous publications, including those described below. 

(a) Fiermonte et al. 9 (1993) Biochem. J. 294, 293-299, 
describes failed efforts to express and reconstitute functional ANT polypeptides from 
bacteria. Fiermonte et al illustrate some of the numerous difficulties associated with the 
expression and isolation of functional mammalian ANT polypeptides, including low 
yields due to mammalian ANT toxicity to host cells and the inability to isolate functional 
recombinant mammalian ANT polypeptides. Fiermonte et al. describe attempts to 
express and isolate two mitochondrial membrane transport proteins, the oxyglutarate 
carrier and a mammalian ANT polypeptide. Although Fiermonte et al were able to 
express significant levels of the oxyglutarate carrier, they were only able to express low 
levels of non-functional ANT due to the toxicity of the ANT polypeptide in the bacterial 
cells. In particular, while Fiermonte et al. were able to isolate and reconstitute functional 
oxyglutate, they were unable to isolate functional ANT polypeptides. This is indicated in 
their statement "[t]he expression of the ADP/ATP carrier in bacteria is also a step toward 
[an opportunity to study which amino acids are essential for the function of the carrier by 
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site-directed mutagenesis], although the essential reconstitution step has not yet been 
achieved ." (emphasis added) (see Discussion, page 298). Clearly, this reference provides 
evidence of the failure of others to reconstitute a functional ANT polypeptide. 
Furthermore, this reference provides evidence of the difficulties specific to producing 
recombinant ANT polypeptides, as compared to other mitochondrial membrane transport 
proteins. Accordingly, this reference demonstrates unsuccessful attempts by others to 
produce isolated recombinant mammalian ANT polypeptides and further demonstrates 
that the production of recombinant ANT polypeptides was not routine, and that methods 
of doing so were not obvious to the skilled artisan. 

(b) Further evidence of the failure of others to produce 
recombinant ANT protein is provided in Miroux et al (1996) Journal of Molecular 
Biology 260(3), 289-298. Miroux et al describe multiple problems with regard to efforts 
to express recombinant ANT, including toxicity to host cells, poor solubility of the 
recombinant product, and the accumulation of recombinant ANT in inclusion bodies. 
The skilled artisan would appreciate the persistent and challenging problems associated 
with isolating functional polypeptides from inclusion bodies. Extracting insoluble 
protein under non-denaturing conditions using detergents and sonication is time 
consuming and yields low levels of protein, and cannot always be expected to result in a 
functional protein. Extracting a protein under denaturing conditions with urea or other 
reagents is often successful, but using these methods requires refolding the protein arid 
frequently results in a loss of structure and activity. Based upon this understanding, I 
submit that the isolation of functional ANT polypeptides from inclusion bodies is not 
routine, and the skilled artisan would have no reasonable expectation of being able to 
successfully isolate functional ANT polypeptides based upon Miroux et a/.'s teaching 
that ANT polypeptides accumulate in inclusion bodies. 

(c) Rojo and Wallimann ((1994) Biochim et Biophysica Acta 
1187, 360-367) describe efforts to purify ANT polypeptides from tissue using various 
detergents, and demonstrate the difficulties associated with purifying and reconstituting 
functional ANT polypeptides. Rojo and Walliman note that "[although various 
detergents have been the subject of systematic studies concerning multiple aspects of 
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their interaction with membranes and membrane proteins, still no rationale exists that 
allows us to identify a priori the detergent or detergent class that is suited for a particular 
protein and/or application. Thus, detergents have to be selected based upon the basis of 
empirical studies." This reference indicates that methods successful in the purification or 
isolation of ANT polypeptides are unpredictable, and the skilled artisan would, given the 
state of the art at the time of filing the present application, have had no reasonable 
expectation of successfully isolating functional ANT polypeptides using any particular 
method. Furthermore, this reference provides additional evidence establishing the 
unpredictability in isolating functional polypeptides from inclusion bodies. 

8. In conclusion, I submit that the above-cited references provide 
evidence of a long-felt need for and the failure of others to successfully express, purify 
and reconstitute recombinant ANT polypeptides and fusion proteins. In addition, I 
submit that these references clearly indicate that the production of functional ANT 
polypeptides and fusion proteins is not routine and that without the teaching of the 
present application, the skilled artisan would have no reasonable expectation of 
successfully producing and isolating ANT polypeptides. 

9. The undersigned declares further that all statements made herein of 
her own knowledge are true and that all statements made on information and belief are 

_ believed to be true, and further that these statements were made with the knowledge that 
willful, false statements, and the like so made are punishable by fine or imprisonment, or 
both, under Section 1001 of Title 18 of the United States Code. 




Christen M. Anderson, M.D., Ph.D, 
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We have investigated the over-production of seven membrane proteins in 
an Escherichia ^-bacteriophage T7 RNA polymerase expression system 
in an seven cases, when expression of the target membrane protein was 
induced most of the BL2KDE3) host cells died. Similar effects were also 
observed with expression vectors for ten globular proteins. Therefore 
protein over-production in this expression system is either limited or 
prevented by bacterial cell death. From the few survivors of BL21(DE3) 
expressing the oxoglutarate-malate carrier protein from mitochondrial 
membranes, a mutant host C41(DE3) was selected that grew to high 
saturation cell density, and produced the protein as inclusion bodies at an 
elevated level without toxic effect. Some proteins that were expressed 
poorly m BL2KDE3), and others where the toxicity of the expression 
plasrruds prevented transformation into this host, were also over-produced 
successfully in C41(DE3). The examples include globular proteins as well 
f s m .^^ a _ n o ^ Proteins, and therefore, strain C41(DE3) is generally superior 
to DL2KDE3) as a host for protein over-expression. However, the toxicity 
of over-expression of some of the membrane proteins persisted partially 
mstrain C4KDE3). Therefore, a double mutant host C43(DE3) was selected 
from C4KDE3) cells containing the expression plasmid for subunit b of 
bacterial F-ATPase. In strain C43(DE3), both subunits b and c of the 
F-ATPase, an aJanine-H* symporter, and the ADP/ATP and the phosphate 
earners from mitochondria were all over-produced. The transcription of 

for 0003 and subunit b was lower in C4KDE3) and 
C43(DE3), respectively, than in BL2KDE3). In C43(DE3), the onset of 
transcription of the gene for subunit b was delayed after induction, and 
tne over-produced protein was incorporated into the membrane. The 
procedure used for selection of C4KDE3) and' C43(DE3) could be 
employed to tailor expression hosts in order to overcome other toxic effects 
associated with over-expression. 

© 1996 Academic Press Limited 

Keywords: E. coli; 17 RNA polymerase; over-expression; membrane 
proteins 



Abbreviations used: OGCP, oxoglutarate-malate 
transport protein from mitochondria; F-ATPase, 
H'-transporting ^o-ATVase; OSCP, olieomycin 
rf^ Vlky " >nfenral protein, a subunit of bovine 
- nc^'l ' green fluore scent protein from the 
jelly-nsh, Aeauoria victoria; IPTG, isopropyl-2-r>thio- 
ga^rtopyranoside; PCR, polymerase chain reaction; 
^PAGE, sodium dodecy) sulphate-polyacrylamide 
get electrophoresis; expression plasmid names consist 
ot the name of the plasmid vector, followed (in 
parentheses) by the recombinant they encode 



Escherichia coli is one of the most successful 
vehicles for over-expressiont of both prokaryotic 
and eukaryotic proteins (for reviews see Hockney, 
1994; Grisshammer & Tate, 1995). However, the 



t Here, the term "over-expression" implies that the 
target protein is expressed in the E. coli cells at a level 
that would provide a convenient source of material for 
structural studies. MinimaUy this is likely to be about 
1 mg of the target protein per litre of bacterial culture. 
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wJn^f 13 f ° r many membrane Proteins, as 

19951 «rS H e .^P 1 * 5 ™ Pnteiiu (Dong * 

for ceU divisjon proteins (de Boer et al, 1988- 
Guteman * al., 1992) and for other toxic poems' 

na^rf (I ?° herty et al - 1993 > *e £S 

bactenurn. Therefore, we have investigated the 
toxicity of over-expression of membrane proteins in 

svs£™ T °k- ^ C K m0St Widel >' used expression 
systems m which the target gene is transcribed 

from the vector by bacteriophage T7 RNA 

S 1( ^! 3) ho ^ !H am > ^ j " conjunction with 
fr!LT°?', the 77 ^ A Pdyaewse is produced 
^ ^ ^'ysogen DE3 in the host bacterium, 

^rL^W 10 "^ under the contr °I of the 
IPTG-mdudble lac UV5 promoter. This system has 

J^v^lT 1 SuccessfuJ 'y <or over-production of 

P™*^' 0ut ™ man y oth « cases 
s^ificant over-production cannot be achieved 
because of toxicity of over-expression (SrudS 
fr' 1990; George rf a/., 1994) 

m 2 tOXic effects of the over-expression of seven 
membrane proteins (see Table 1) cloned in pET and 



fiSroi^r » plasmids tOWards * E - «* 

BL21(D£3) host cells were investigated by attemot- 

Tel nf g /° W C t" S Containi *S *e e plasmiL on £ 
sets of agar plates, one containing IPTG and the 

ADP/a-tV ■ lhe , Phosphate carrier and the 

f l£i I™** 311 three bein S members of 
a super-family of transport proteins with six 
transmembrane spans (Walker & Runswick, 1993) 
subunits b and c of the E. coli F-ATPase with 
one and two transmembrane spans, respectively 
(Mmgame, 1990), and a fusion protein $5wX 
bactenophage T7 10a protein andtoe alanine-H* 

^n^'^J 53 ' ^ ^ bought ^ave 
lQo£ J 2 ^membrane a-helices (Kamata et al., 
IW2). In earlier studies, the OGCP had been shown 
to be over-produced at high levels (iS™ pSfiS 

e t al ^"T^ *? E u BL21(DE3) A™»«2 
ef a/., 1993). None of the seven vectors produced 

colonies on the plates containing IPTG, and in the 

SnZZ 1 IP T G only ver * Sma » 

? ™/ * a™ P ,asmids f o«- *e b-subunit of 

t- co/i F-ATPase, for the bovine ADP/ATP carrier. 



Table 1. Exp^ of various proteins ^ BL21fr)TO ^ 



Expression level* 
C41 



C43 



30" 



50 2 



Bovine OGCP On) 
Bovine phosphate carrier (m) 
Bovine ADP/ATP translocase (m) 
&>cillus PS3 alanine/H* carrier (m) 
t. cojx F-ATPase subunit b (m) 
E- coli F-ATPase subunit c (m) 
Bovine F-ATPase subunit b (m) 
Bovme F-ATPase subunit a (e) 
Bovine F-ATPase subunit 8 (?) 
Bovine F-ATPase subunit y (f) 

Bovine F-A7Pase subunit 5 (g) - ll» 74* Krn 

Bovine F-ATPase subunit d (g) IB # rL 

^F-ATPase subunit OSCP (g) IB £ ™? 

Bovine F-ATPase subunit F 6 (g) IB 50' 3^ ^ 

AfH Uor* victoria GFP (g f * C _ ND* ^ 

mi r j ;? y of P hen y J t*uohydantoins released af o*X J?\c 7 "PV 0 ?™** bands were excised and introduced intn 

capsid protein mA ^f 1. ^ 0na,ed ^ ^ C G - Ta ^ " was derived from rf-py v e «eptions of the alanine-H* carrier, which 
Chalfie etal f ' ,W0) - ^ Collinson rt fl ; (,99^ ^C^' ^ ^3? e( ' uences of lhe v *™«s protects 
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and for the alanine-H* carrier. The cells in these 
very small colonies were not viable, and therefore 
it would not be possible to produce inocula 
for over-expression cultures in liquid media. Small 
viable colonies were obtained with the plasmid 
for £. coli subunit c. Similar experiments were 
conducted with vectors for ten globular proteins 
(see Table 1 ); none of them formed colonies in the 
presence of IPTG. Therefore, all 17 of the expression 
plasmids that were examined produced toxic 
effects on the BL2KDE3) host, with a wide 
spectrum of severity. The plasmids encoding 
membrane proteins were the most toxic, but among 
plasmids encoding membrane proteins, the one 
encoding the OGCP was the least toxic. 

A control experiment was conducted with five 
different expression vectors from the pET family, 
all of them lacking a target gene for possible 
over-expression, They were pMW7, pET17b (con- 
taining an N-terminal 17 tag), pET23a (containing 
a N-terrninal T7 tag and a C-terminal His-tag), 
pET29a (containing an S-tag) and pGEMEX-1 
(containing a gene 10a fragment). Surprisingly, 
none of the cells containing the "empty" plasmids 
produced colonies in the presence of IPTG, except 
for pET 17b, which gave very small colonies, 
demonstrating that the plasmids themselves are 
mtrinsically toxic to £. coli BL2KDE3) host cells. 
Therefore, the toxicities for expression plasmids 
containing target genes, consist of contributions 
from both the vector (and associated tags) and the 
target gene. 

The inhibitory effects of the pMW7 (OGCP) 
expression vector on E. coli BL2KDE3) were also 
studied in liquid culture containing ampicillin. The 
culture was grown for four hours before addition of 
the inducer, IPTG (see phase 1 in Figure 1A). One 
hour or so later, the cells had stopped dividing and 
the absorbance of the culture decreased (phase 2). 
After a further five to six hours, the absorbance rose 
again (phase 3) and eventually reached a value 
greater than 5. The maximal level of expression of 
the OGCP was attained three hours after addition 
of inducer, and it diminished thereafter. Therefore, 
phase 3 corresponds to the outgrowth of cells that 
had lost the ability to express the target gene. 
Similar three-phase growth curves have been 
observed in our studies of all of the proteins that 
have been over-produced in E. coli BL21(DE3). 
Some variation was observed in the length of the 
lag in phase 1 from three hours (GFP) to ten hours 
(E. coli F-ATPase subunit c), and in maximal cell 
density in phase 2 from 0.5 to 2.0, depending on the 
degree of toxicity associated with the plasmid. 

The toxicity mediated by IPTG induction of 
OGCP expression in E. coli BL2KDE3) in a liquid 
culture was investigated by plating the cells in the 
absence of selection pressure, in the presence of 

ampicillin, and in presence of both ampicillin and 

IPTG. After 30 minutes, the number of viable cells 
had decreased dramatically from 10 8 to 10* even 
m the absence of ampicillin (see Figure IB). The 
absorbance of the culture was still increasing at this 



juncture, and so the cells were dying but had not 
lysed. In the residual viable population, only 10% 
of the bacteria retained ampicillin resistance two 
hours after induction, and three hours later only 1 % 
of the population was resistant to the antibiotic. 
Eight hours after induction, the number of viable 
cells equalled the number of cells calculated from 
the absorbance, showing that the culture now 
contained predominantly cells that had lost the 
plasmid. 

The ampicillin-resistant cells were also resistant 
to IPTG (Figure IB), and the colonies contained two 
sub-populations of larger and smaller sizes (Fig- 
ure 1C). Neither of these phenomena has been 
described in previous investigations of this ex- 
pression system (Studier et aL, 1990). In a separate 
control experiment, where no IPTG was added to 
the liquid culture, the plasmid was stable, and the 
number of viable cells was similar to the number of 
cells calculated from the absorbance. However, on 
plates, a smaU fraction of the population was again 
resistant to IPTG. In the uninduced liquid culture, 
the ratio of cells resistant to IPTG compared to the 
total number of cells was stable at around 3 x 10~ 5 , 
whereas induction of expression by addition of 
IPTG increased this ratio to 3xl(T* (Figure ID). 
Therefore, the expression of the OGCP in E. coli 
BL2KDE3) grown in liquid cultures had apparently 
increased the number of colonies resistant to IPTG. 
This effect of IPTG is difficult to quantify as its 
addition to the culture leads to the death of 
wild- type cells, thereby selecting for mutants, but it 
remains possible that the induction of expression 
of the protein provokes an SOS response in the 
host (Studier et ah, 1990; Murli & Walker, 1993; 
Friedberg et al., 1995). 

This apparent increase in the frequency of 
mutants by over-expression of the OGCP on E. coli 
BL2KDE3) presented the opportunity to select 
mutant host strains that might be more tolerant to 
over-expression of the OGCP. The first round of 
selection was conducted with E. coli BL2KDE3) 
transformed with pMW7(OGCP). Four hours after 
induction, a 100-fold dilution of cells from the 
culture was plated on solid medium containing 
IPTG, giving sub-populations of large and small 
colonies as before (Figure 1C). Three large colonies 
and one small colony were examined for their 
ability to express the OGCP in liquid media. No 
OGCP was produced by cells grown from the large 
colonies, but a culture grown from the small colony 
was found to produce the OGCP and to continue 
growing in the presence of EPTG, eventually 
attaining a saturation absorbance similar to control 
cultures grown in the absence of inducer. The strain 
of cells from the small colony was named E. coli 
C4KDE3). Its phenotype was stable; it continued to 
give rise to small colonies in the presence of IPTG 
(Figure 2A) # and to grow and to produce the OGCP 
in liquid cultures in the presence of inducer. 

Plasmid pMW7(OGCP) was re-isolated from cells 
of E. coli C41(DE3), and was transformed back into 
£. coli BL2KDE3), restoring the toxic phenotype. 
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6 7 8 
Time (h) 

^™* he V° wth of E ' coli BUKDE3) host cells. In A, B and D, the verticaJ 
«*>™» «<™ viable atl^S tan S„batan Sl^*,"* 5 ? bo,h »«l 1™= Csm.ll - 



Strain E. co/i C41(DE3) was cured of P MW7(OGCP) 

Dy 8™!** m ? i 1 uid medium in the absence of 

^ 1 fr!^XJ a , ch dav ' a P° rtion of ^ was 
diluted 1000-fold, and plated out in the presence 

of IPTG and in the absence of ampicillin. After 
seven days, a large colony lacking the plasmid 
arose- Retransformation of cells from this colony 
with pMW7(OGCP) restored the ability to grow 
m the presence of IPTG in liquid culture 
and to over-express the OGCP. Therefore, the 



mutation affecting over-expression of the OGCP is 
in strain C4KDE3), and not in the plasmid 
P MW7(OCCP). V 

Subsequently, it has proved to be possible to 
over-express many other proteins without toxic 
effects in E. coli C41(DE3) (see below). However 
the toxicity of over-expression of other proteins' 
including the b subunit of £. coli F-ATPase 
persisted in strain C41(DE3). Therefore, a second 
round of selection was conducted on £. coli 
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C41CDE3) transformed with pMW7(Ecb). From 15 
small colonies arising by plating in the presence of 
IPTG, one was found that over-expressed subunit b 
and continued to grow after induction. This strain 
was named E. coli C43(DE3), and the additional 
mutation was again shown to be associated with 
the bacterial genome. Similar to strain C41(DE3) 
the phenotype of C43(DE3) is stable (see Figure 3AX 
In contrast to their toxic effects on £. coli BL21 (DE3)* 



"empty" plasmids do not inhibit the growth of 
either the C41(DE3) or C43(DE3) strains 

It should be emphasized that the number of small 
colonies and the proportion of those small colonies 
that are competent for expression of a target pro- 
tein, dUfer widely according to the toxicity of the 
expression plasmid. With relatively non-toxic 
plasmids such as pMW7(OGCP) and pMW7(GFP) 
encoding the green fluorescent protein, small 




B 
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o 




C41(DE3) 



BL21(DE3) 



10 



Time (h) 





Tune (b) 

* t BUia S and C41(DE3 > ^ Comparison of 

m the absence and presence oJ ITCmS^ ^ contammg P MW7(OGCP). Quadrants 1 and 2, E. coli C41 
of IPTG, res^UvelyTcrowth Tof oZSE^Zt* «!™*anls 3 and 4. E. coli BL2KDE3) in the absence and presence 
J» ?« "W5tu*^ C Analysis of the bacterial popSn 

(O Number of cells calculated from ^ Stance ^ iwoTT H??** C 5 " dicate * e addiKon of 
^t ponies; ( A ) colonies re^is^f^ 

SDS-PAGE Hie cultures were erown in ZSfl m P i [T ?' D ' Ex P ress,on °' 0>e OGCP analysed by 
cytoplasm. They were each ^SndS^mf JSV" fT' P™ 1 ™ formed indusion >»dis » bacterial 
PAGE 83 dye. At the leftSS S *p£J£ °L 1 was °" * e ^ which was sla ^ «*n 

expressed in E. coli BL2KDE3) three hl^?h~ i u "^ ss markers are Seated «" kDa). bne ( a ) OGCP 
Eduction in medium U^^^^tT^rpT' h £^££,? preSSed in C41(DE3) h°^fS 
at the starting point of the culture expressed m C41(DE3) 18 hours after induction by IPTC odded 
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Figure 3. Comparison of the expression of subunit b of £. coli F-ATPase in E coli C4KDE3) and c ranra h^h. 

pMV^)ffii2fI^d a ?K,Tdvn P P ^ en ° J^l 0f L ""J F 41(DE3) and mulanl C43(DE3) ' *»* containing 
4, £ «K Ol t^taSS fl h£l» C43(DE ? } /n!? ' he absence and Presence of IPTC, respectively; quadrants 3 and 
e^ S bS^^^T'l? ° V C : ns Pf^y- B < Growth curves of E. ciu :«(DE3) and C43(DE3) 
S S ^ £ " y ,PTG - C and D ' SDS-PAGE analysis of the 

analysed I at ViJm L«! tTi™. uT C41(DE3) and C43(DE3), respectively. The equivalent of 5 til of culture was 
£l^ca^ «* of Lndarf protein* 



colonies competent for over-expression were com- 
mon and easily identifiable, whereas with more 
^JU£ov Smids Such as pMW7(Ecb), mutants of 
tu expressing subunit b were rare. 

r^™ dVa u ta8e ? 0f strains C «<DE3) and 
<w<WUfc3) as hosts for over-expression of the OGCP 
and subunit b of the F-ATPase, respectively, are 
illustrated in Figures 2 and 3. Both parental strains 
stopped growing after induction of expression 
whereas the mutant hosts continued to grow to 
high cell densities (see Figures 2B and 3B) Bv 
analysis of the cell population in the culture after 
induction of over-expression (Figure 2C), it was 
apparent that pMW7(OGCP) remained stable in 
straui C4KDE3), and in addition, the number of 



viable cells correlated with the number of cells 
calculated from the absorbance. In C4KDE3), at 
least ten times more OGCP was expressed than in 
BL21(DE3) (Figure 2D, lanes (a) and (b)). Moreover, 
strain C4KDE3) containing pMW7(OGCP) could be 
grown in 2xTY broth, containing IFTG but lack- 
ing ampicillin, without overgrowth (Figure 2D, 
lane (c)). The final cell density in C4HDE3) was six' 
times greater than in BL2KDE3), and therefore the 
amount of OGCP produced per cell is somewhat 
higher in C41(DE3) than in BL2KED3). 

The course of expression of the E. coli F-ATPase 
b subunit in C41(DE3) and C43(DE3) differed (see 
Figure 3C and D), the onset of protein production 
being delayed in C43(DE3) by about one hour 
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relative to C41(DE3). Three hours after induction, 
three times more protein had been produced in 
C43CDE3) than in C41(DE3); 15 hours later the 
amount of subunit b in C4KDE3) had decreased 
because the culture had become overgrown by cells 
that had lost expression capacity, as discussed 
above. Less subunit b was produced per cell in 
C43(DE3) than in C41(DE3), but the global amount 
of protein produced per litre of culture was higher 
in C43(DE3) because the cells continued to divide 
after induction of expression. 

Transcription of the gene for the OGCP was 
compared in BL2KDE3) and C41(DE3) hosts (see 
Figure 4). The main RNA band had migrated 
further than 16 S ribosomaJ RNA to a position cor- 
responding to an mJRNA of about one ki3obase, as 
expected for the OGCP. Three larger RNAs, also 



detected with the OGCP probe, probably arise 
by the T7 RNA polymerase transcribing beyond 
the T7 transcriptional terminator, which is im- 
mediately after the OGCP gene in the plasmid. 
In longer exposures of the blot (not shown), 
similar bands could be seen in C4KDE3) also, 
but in relatively lower amounts compared with 
the main band in BL21(DE3). The basal level of 
OGCP mRNA synthesis in BL2KDE3) was five 
times higher than in C410DE3) (see Figure 4B), 
and the maximal amount of OGCP mRNA 
synthesized after induction was about ten times 
greater in BL2KDE3) than in C41(DE3). More- 
over, the maximum amount of OGCP mRNA 
appears to have been reached after 45 minutes in 
BL2KDE3) and at least 45 minutes later in 
C41(DE3). 



23S 



16 S ^ 



OGCP. 




Tunc (mm) 



B 
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z 
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1000 
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Figure 4. Analysis of transcripts 
of the OGCP in E. coli BL21(DE3) 
and C47(DE3). RNA samples from 
cells of E. coii BL2KDE3) and 
C4KDE3) (4 ml), both containing 
the expression plasmids for the 
OGCP and subunit b of E. coli 
F-ATPase, were prepared according 
to Ausubel et al. (1987) and Uzan 
ef aL (1988), respectively. RNA 
(3 ug) was fractionated by electro- 
phoresis under denaturing con- 
ditions in a 1 % agarose gel, and then 
transferred to a Hybond-N mem- 
brane. Pre-hybridi2ah"on and hy- 
bridization of the membrane were 
carried out for 18 hours at 42°C The 
DNA probe for the bovine OGCP, 
corresponding to its complete cod- 
ing sequence, was amplified from a 
plasmid by PCR, and radio-labelled 
with [a-^PldCTP (SOuCi) by use 
of an oligonucleotide labelling kit 
(Pharmacia Biotech Ltd, Si Albans, 
Herts, AL13AW, UK). The mem- 
brane was hybridized in the pres- 
ence of the probe, washed twice at 
42°C in 2 x SSC buffer containing 
0.1% SDS, and twice at 65°C in 
0.1 x SSC buffer containing 0.1% 
SDS (SSC buffer consists of 3M 
sodium chloride and 0.3 M sodium 
citrate (pH 63)). The radioactivity 
on the membrane was measured 
by densitometry with a computing 
densitometer (Molecular Dynamics, 
model 300A with ImageQuant ver- 
sion 3.2 software) of a radioauto- 
graph exposed to Fuji RX film. 
A, Autoradiograph of the mem- 
brane after 15 minutes, exposure. 
Lanes a, d and e, RNA samples of 



ui nrnro\ .i r^ys^ , , , Lanes a, a ana e, kna samples of 

BL21(DE3) expressing ; he OGCP; lanes b, f, and g, RNA samples of C41 expressing the OGCP; lanes c, h and i, control 
^sSn^u expressing the £. coli F-ATPase r>subunit. Samples were taken at various times after induction, 
Z ftTEfr * im S rab011 P 0 ? 11 ^ 1 ^ the OGCP mRNA, and of the 16 S and 23 S ribosomal RNAs are indicated 
d?ff« ♦ ReUb 7,t mOUI,t l of the estimated by densitometry of the appropriate bands on two 

different exposures of the membrane. In C41QE3), the signal at time zero was chosen as reference 
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Figure 5. Analysis of transcripts of E. coli F-ATPase b 
subuiut in C4KDE3) and C43(DE3). For experimental 
details, see legend to Figure 4. After hybridization of 
kna samples with the probe consisting of the entire 
coding sequence of the b subunit, the membrane was 
exposed to an image plate for 18 hours, and the 
radioactivity was measured with a Phosphorlmager 
(Molecular Dynamics, Chesham, Bucks, HP5 2PX, UK) 

v£^ di ° 8raphy of RNA samples from C4KDE3) and 
<-43(DE3) at various, times (shown on top) after induction 
of expression of F-ATPase subunit b. Lane C contains a 
^^P^ of RNA from C4KDE3) cells in which the 
UUCP had been over-expressed. B, Quantification of the 
mRNA samples in A. In C43(DE3), the signal at time zero 
was chosen as reference. 



A similar comparison of the expression of the b 
r£m™ f the f C0li F " ATPa se in C4KDE3) and 
C43(DE3) was also conducted (Figure 5). The final 
amount of mRNA for E. coli F-ATPase subunit b 
accumulated per cell after three hours was 
approximately the same in both strains, but the 
maximal level of this mRNA was attained in 
minutes after induction in C41(DE3) and in 
two hours in C43(DE3). The basal level of ex- 

C^ES)^ Sli8htly J ° Wer m C43(DE3) than m 
These studies indicate strongly that a major 
component of toxicity of protein over-expression in 
fc. coii-T7 RNA polymerase systems is linked to 
transcnpti 0 n 0 f the target gene and, together with 
published work discussed below, they suggest that 
the toxicity probably arises from the uncoupling 
of transcription from translation. The T7 RNA 
polymerase transcribes DNA about seven times 
faster than £. coli RNA polymerase, and therefore 



transcription outstrips translation, permitting un- 
stable naked RNA stretches to form (lost & Dreyfus 
1995; Makarova et aL, 1995). By an unknown' 
mechanism, over-expression of either £-galactosi- 
dase or an inactive form of elongation factor Tu 
have been shown to lead to destruction of 
ribosomal RNAs, and the ensuing lethal effects of 
over-expression (Dong ti 1995). Experiments 
described above are consistent with this mechanism 
of lethality of protein over-expression. Strain 
BL21(DE3) containing the expression plasmid 
pMW7(OGCP) produced a large amount of the 
cognate mRNA from the plasmid, whilst at the 
same time the target protein was present in the cells 
at rather low levels. In contrast, in strain C41(DE3) 
the same transcript was made more slowly, and 
despite the maximal level being ten times lower 
than in BL2KDE3), more of the target protein was 
synthesized in C4KDE3). Similar effects were noted 
by comparison of the expression of subunit b of 
£. coli F-ATPase in C41(DE3) and C43(DE3). 

At present, the locations of the mutations in 
C41CDE3) and C43(DE3) are not known, but 
plausible hypotheses concerning the C41(DE3) 
mutation are that either it affects the activity of the 
17 RNA polymerase or that it reduces the amount 
of polymerase produced. Both effects would 
probably help to prevent uncoupling of transcrip- 
tion and translation. It is noteworthy that a mutant 
of 17 RNA polymerase able to transcribe three 
times more slowly than the wild-type enzyme has 
been shown to yield about four times more 
P-galactosidase from an appropriate expression 
vector (Makarova et aL, 1995). The C43(DE3) 
mutation may also be helping to avoid uncoupling 
of transcription and translation, but, in addition to 
delaying the onset of transcription, it also appears 
to affect the folding and insertion of subunit b into 
the bacterial membrane. In C41(DE3) the E. coli 
F-ATPase b subunit accumulates in a form that 
is difficult to solubilize in the detergent lau- 
ryldimethylamine oxide, and it may be misfolded 
whereas in C43(DE3) it is inserted into the 
membrane and can be readily extracted with the 
detergent (I. Arechaga, B.M . & J.E.W., unpublished 
results). 

The expression levels of a variety of proteins 
(seven membrane proteins, ten globular proteins- 
see Table 1) in BL2KDE3) were compared with the 
levels achieved in either C41(DE3) or C43(DE3) 
hosts. For all seven of the membrane proteins, and 
particularly for the alanine-H + transporter and the 
E. coli F-ATPase subunits b and c, expression in the 
mutant hosts was improved over BL21(DE3). In all 
three of these latter examples, the induction of the 
expression both on plates and in liquid media was 
toxic to C4KDE3) but not to C43(DE3). The gene 
lOa-alanine-H* carrier fusion was very well ex- 
pressed in C43(DE3), and 79 mg of protein were 
obtained per litre of culture (Table 1). Significant 
improvements in expression level were also 
obtained with the A DP/ ATP and phosphate 
carriers in C4KDE3). r 
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A general improvement in the expression of the 
globular proteins (see Table 1) was also found in 
mutant host C41CDE3), including proteins that were 
well expressed as well as others that were poorly 
expressed in BL21(DE3). The GFP provides a 
typical example of the former category. Although it 
was expressed at 37 mg per litre of culture in 
BL2HDE3), a four times higher level of expression 
was obtained in C41(DE3) (see Table 1). The 
Y-subunit of bovine ATPase provides an example of 
the second category. Cells of BL21(DE3) containing 
pMW7( T ) stopped growing at low density, and the 
7-subunit was undetectable by SDS-PAGE analy- 
sis of the cells, whereas in C41(DE3) the cells 
continued to divide, grew to high density and 
produced a large amount of the y-subunit (see 
Table t). 

The RNA polymerase of phage T7 is inhibited bv 
the phage's lysozyme (Moffatt & Studier, 1987), and 
therefore, co-transformarion of a plasmid encoding 
the lysozyme (pLysS and pLysE) with the plasmid 
containing the target protein has been advocated as 
a means of suppressing toxic effects brought about 
by basal level expression of proteins (Studier et al. t 
1990). This stratagem has been found to be helpful 
in some cases of relatively mild toxicity. However, 
co-transformation of pLysS with pMW7(y) or with 
pMW7(GFP) did not suppress their toxicities on 
agar plates in the presence of IPTG. In liquid media, 
the level of expression of both proteins was 
somewhat higher in BL21{DE3) in the presence of 
pLysS than in its absence, but the level of ex- 
pression of both proteins in C4KDE3) was at least 
twice the level obtained in co- transformed 
BL2KDE3) cells. Therefore, at least in these two 
examples, C41(DE3) is superior to BL21(DE3)- 
pLysS as a host for over-expression of proteins. 
The combination of C41(DE3) with pLysS may be 
advantageous, but this possibility has not been 
investigated systematically so far. 

To date, the usage of strain C43(DE3) for 
expression of other toxic proteins has been explored 
in only a small number of examples (the F-ATPase 
b and c subunits, the alanine-H + carrier). One 
example (an RNase) has been encountered where 
an expression vector that was toxic in C4KDE3) 
remained toxic in C43(DE3) also (unpublished 
results). A number of other examples show that, if 
the protein is already expressed without toxic effect 
in C4KDE3), then no additional benefit derives 
from over-expression of the same protein in 
C43(DE3). Therefore, it appears that C43(DE3) has 
a more restricted utility than C41(DE3). 

Although the selection procedure presented here 
is empirical, it has the advantage that it encom- 
passes the entire complexity of the biology of the 
expression system, and it has provided an efficient 
means of modifying it. The method takes advantage 
of a population of bacteria selected in the presence 
of both IPTG and ampicillin, which had been 
described incorrectly as only containing cells that 
have lost the ability to express the target DNA 
(Studier et al, 1990). As we have shown, two 



sub-populations giving rise to large and small 
colonies are present, and the latter contains cells 
that over-express the target protein better than the 
original host. Therefore, the procedure allows the 
expression system to be adapted and optimized 
for the expression of a particular protein, and it 
may be beneficial in other instances (including 
both globular and membrane proteins) to use the 
selection protocol to select a wider range of host 
strains derived, for example, from BL2KDE3), 
C41(DE3) and C43(DE3). In this way it may be 
possible to tailor the expression system by selection 
and thereby, for example, to prevent the formation 
of inclusion bodies, and to overcome toxic effects of 
various severities and origins. 

finally, it should be noted that removal of the 
toxic effects of an expression plasmid will not 
automatically guarantee that the protein is pro- 
duced in large amounts, and to achieve this 
objective it may be necessary, for example, 
additionally to prevent mRNA degradation, to 
remove undesirable features in the coding sequence 
that impede translation (Kane, 1995), or to prevent 
proteolytic degradation. 
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